Theiler's murine encephalomyelitis virus (TMEV), which is a positive single-stranded picornavirus, is a common enteric virus in mice (15, 46) . Two major subgroups of TMEV have been identified based on varying biological characteristics such as neurovirulence and antigenicity (15, 24, 47) . The first subgroup of TMEV includes the GDVII and FA strains, which cause rapid fatal encephalitis. The second subgroup, known as Theiler's original viruses, including the BeAn8386 and DA strains, can cause a chronic biphasic neurological disease upon intracerebral inoculation into susceptible mice (12, 15, (23) (24) (25) . The early acute phase displays flaccid limb paralysis and degeneration of neurons, while the late phase is characterized by chronic, inflammatory demyelination (25, 27) . In particular, the BeAn strain is known to induce a clinically undetectable level of the early-phase disease although it manifests a clinically severe late-phase white matter disease characterized by a spastic waddling gait, extensor spasms, and incontinence (24, 27) . Various immunological and genetic factors associated with this disease parallel those of human multiple sclerosis (2, 15, 29, 37) , and thus this system is considered to be a relevant, infectious model for multiple sclerosis (11) .
A number of immunological and viral parameters have been considered in investigations of the potential mechanisms involved in the pathogenesis of demyelination followed by TMEV infection. Immunity to other viruses generally provides the protection of the host from further viral spread and eventual eradication of viral infection. However, the persistent nature of TMEV infection leads to the development of a chronic, immune-mediated inflammation in the central nervous system (CNS) at the site of viral persistence (13) . Recent immunological studies with susceptible SJL mice indicate that cell-mediated immunity, in particular a Th1 response, specific for viral capsid proteins is involved in the pathogenesis of demyelination (7, 17, 20, 51) . In contrast, the role of antibody responses to the virus in the pathogenesis is not yet clear, although antibodies to a certain viral epitope appear to be associated with disease progression (18, 49) . The major population of T cells specific for TMEV during the course of disease or after immunization with UV-inactivated virus essentially recognize three predominant viral epitopes (VP1 233-250 , VP2 [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] , and VP3 [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] ), one each on the external capsid proteins (16, 50, 51) . The T-cell populations specific for VP1 and VP2 epitopes are primarily the Th1 type, and this type of T cell is most likely involved in the development of immune-mediated demyelination, as such T cells are mainly found in the cellular infiltrate of demyelinating lesions (51) .
Several recent studies strongly suggest that the VP1 capsid protein, in particular, plays an important role in the pathogenesis of demyelination induced by TMEV. Infiltrating T cells specific for VP1 have been identified in the demyelinating CNS following viral infection (51) . In addition, many attenuated or nonpathogenic TMEV mutants selected for resistance to antiviral antibodies exhibit amino acid substitutions within the VP1 capsid protein (41, 53) . Furthermore, one of the major determinants for viral persistence as well as demyelination has been mapped to VP1, using recombinant viruses chimeric between two different types of TMEV (45) . Although these viruses have provided valuable information regarding the potential pathogenic mechanisms of TMEV, they may not be naturally occur-ring variant viruses. Thus, it may be difficult to determine the biological relevance of the variants and to correlate the levels of pathogenesis induced by such viruses with the immune responses to the virus. However, characterization of naturally occurring, low-pathogenic variants may provide important insights into the relationship between viral pathogenesis and immunological parameters.
We have recently isolated a spontaneously occurring TMEV variant (M2) which exhibits low pathogenicity in susceptible SJL/J mice. In this study, we have characterized the variant virus and evaluated the differences between the immune responses to the wild-type and variant viruses, following either viral infection or immunization. We report here that the lowpathogenic variant virus, containing a single amino acid substitution within the predominant T-cell epitope of VP1 capsid protein, is deficient in the development of pathogenic T-cell immunity, while no significant difference is seen in the antibody response. Moreover, this variant virus is able to induce a very effective, long-lasting, protective immunity toward a subsequent infection with the pathogenic, parental virus stock. These results strongly suggest an important possibility for vaccine development against virus-induced, immune-mediated inflammatory disease by introducing targeted mutations within the predominant pathogenic T-cell epitopes.
MATERIALS AND METHODS
Animals. Inbred mouse strains (SJL/J) were purchased from either Jackson Laboratory, Bar Harbor, Maine, or the National Cancer Institute.
Viruses. A standard plaque assay of the BeAn 8386 strain of TMEV was performed on BHK-21 cell monolayers (8, 36) . Plaques in the monolayers were visualized by staining with 0.02% neutral red in phosphate-buffered saline (PBS). The viruses isolated from individual plaques were tested for pathogenesis of demyelination. The parent BeAn 8386 (173R) stock and pathogenic (S2) and nonpathogenic (M2) viruses derived form the parent stock were propagated in BHK-21 cells in Dulbecco's modified Eagle medium supplemented with 7.5% donor calf serum and purified by isopycnic centrifugation on Cs 2 SO 4 gradients as previously described (28) .
Synthetic peptides. The synthetic peptides representing the amino acid residues of TMEV were prepared by using the RaMPS system (DuPont Co., Wilmington, Del.) with 9-fluorenylmethyloxycarbonyl reagents. A major single peptide (Ͼ95%) was present in each of the peptide preparations, as determined by reverse-phase high-pressure liquid chromatography analyses.
Infection of mice with TMEV. For intracerebral inoculation of virus, various concentrations of virus in 30 l of Dulbecco's modified Eagle medium were administered in the right cerebral hemisphere of mice anesthetized with methoxyflurane. Such an inoculum of the wild-type virus consistently induced chronic gait abnormality and neurological signs in susceptible mouse strains (9) . TMEV-infected mice were examined for clinical signs of demyelination such as waddling gait, extensor spasms, paralysis, loss of the righting reflex, incontinence, and/or hunched posture.
Histology. Mice were perfused under anesthesia via the intraventricular route with 4% freshly prepared paraformaldehyde (pH 7.4). Spinal cords were removed by dissection, cut into 1-mm cross sections, postfixed in 1% OsO 4 , and embedded in Epon as previously described (12, 36) . Tissue sections from spinal cords were cut to 1-m thickness, stained with toluidine blue, and examined under light microscopy.
Immunization of mice with TMEV. SJL/J mice were injected subcutaneously in the base of the tail with 100 l (50 g) of a 1:1 emulsion of UV-inactivated S2 (UV-S2) or UV-M2 in complete Freund's adjuvant (CFA). Nine days later, lymph node cells were pooled from two mice, and the level of T-cell proliferation was subsequently assessed in vitro.
Reverse transcription (RT)-PCR for viral message levels. Total cellular RNA of spinal cords from PBS-perfused mice was isolated by the guanidine isothiocyanate method (6) . mRNA was then reverse transcribed into cDNA by using oligo(dT) [15] [16] [17] [18] and Moloney murine leukemia virus reverse transcriptase. The relative concentrations of cDNA were equalized among the groups based on the level of ␤-actin amplification (35 cycles) by PCR. The level of virus-specific message was assessed by using the 5Ј-end sense sequence of the leader and the 3Ј-end antisense sequence of VP4 (33) . The relative levels of the viral message at a given time point were expressed as ratios to the ␤-actin amplification after densitometric analyses of the PCR products, using a Bio-Rad computer program.
Assessment of PFU. Spinal cords were removed by forced flushing of the spinal canal with sterile Hanks balanced salt solution. The tissue was homogenized individually as a 10% (wt/vol) solution in PBS with a tissue homogenizer (VirTishear) and clarified by low-speed centrifugation (600 ϫ g). A standard plaque assay was performed on BHK-21 cell monolayers (8, 36) . Plaques in the monolayers were visualized by staining with 0.02% neutral red in PBS. The detection range of the plaques over background is Յ100 PFU/g of tissue.
ELISA for detection of TMEV antigens. Antibodies specific for viral epitopes were measured by using an indirect enzyme-linked immunosorbent assay (ELISA) as described previously (18) . Briefly, either 0.3 g of total virus or individual peptide-bovine serum albumin conjugates were used to coat microtiter plates. A bovine serum albumin solution (0.3 g) was also used to coat the plates to serve as a negative control, and the values were used to subtract the background reaction. Unless otherwise stated, duplicates of twofold serial dilutions of pooled sera starting from a 1:100 dilution were applied followed by goat antimouse secondary antibody conjugated with alkaline phosphatase. After the plates were washed, substrate (p-nitrophenyl phosphate) for the enzyme was added and the enzyme reaction was colorimetrically measured in an ELISA reader at 410 nm. The average value was shown in the results.
TMEV-specific T-cell lines. Antigen-specific T-cell clones were established from the spinal cords of TMEV-infected SJL/J mice. Briefly, mice were perfused with 30 ml of PBS, and then single-cell suspensions of spinal cords were prepared as described previously (51) . After three washes with Hanks balanced salt solution, cells were collected from the interface of a 100%/50% discontinuous Histopaque gradient (Sigma Chemical Co., St. Louis, Mo.) and cultured on 96-well round-bottom microtiter plates with either UV-inactivated virus or peptides in the presence of irradiated syngeneic splenocytes and 10 U of recombinant interleukin-2 (IL-2) (Genzyme Diagnostics, Cambridge, Mass.) per ml. T-cell lines were maintained by biweekly stimulation with UV-inactivated virus or peptides, in the presence of 5 U of recombinant IL-2 per ml.
T-cell proliferation assay. Spleen or lymph node cells (5 ϫ 10 5 ) were cultured in 96-well flat-bottom microculture plates in RPMI 1640 containing 0.5% syngeneic mouse serum and 5 ϫ 10 Ϫ5 M 2-mercaptoethanol. Triplicate cultures were stimulated with UV-TMEV (25 g/ml) for 72 h. Cultures were then pulsed with 1. H]TdR uptake as described above. DNA sequencing of M2 variant. The P1 region of the M2 variant virus was amplified by RT-PCR using several sets of 5Ј-end sense and 3Ј-end antisense primers as described previously (51) . The amplified PCR product was subcloned into pGEX5X-1 or pGEM-T vector and then sequenced by the dideoxynucleotide termination method, using a Sequenase kit (Amersham Life Science, Inc., Arlington Heights, Ill.) and virus-specific primers. To ensure the accuracy of the sequencing, at least three to four clones of the wild-type control and the M2 variant viruses were examined.
Statistical analysis. The significance (two-tailed P value) of the differences between experimental animal groups with various treatments and the control group was analyzed based on the unpaired, nonparametric test by using the InStat Program (GraphPAD Software, San Diego, Calif.).
Nucleotide sequence accession number. The entire nucleotide sequence of the M2 virus P1 region is deposited in the GenBank database (accession no. AF030574).
RESULTS
Isolation of a low-pathogenic TMEV variant. Among several virus plaques of a TMEV BeAn 8386 stock, we identified one clone (M2) which failed to induce clinical symptoms at a dose (10 6 PFU) which consistently induces demyelinating disease by the parental as well as other clones isolated simultaneously. As much as 10 8 PFU of M2 virus was required to induce a marginal level (one of eight mice with mild symptoms) of clinical signs in susceptible SJL/J mice (Fig. 1) . In contrast, 50% of SJL/J mice developed clinical signs after inoculation of as little as 3 ϫ 10 4 PFU, and 100% did so after inoculation of 3 ϫ 10 5 PFU of parent virus. These results indicate that a TMEV variant which is as much as 10,000-fold less pathogenic than the wild-type virus can be readily isolated from a virus stock. Low level of histopathology in the CNS infected with the variant virus. To verify the low pathogenicity of the M2 variant by clinical signs, the levels of demyelination and cellular infiltration were histologically examined (Fig. 2) . Spinal cords from clinically affected SJL/J mice infected with the pathogenic parent virus (10 6 PFU) exhibited marked inflammation ( Fig. 2A) . Leptomeningeal infiltrates by lymphoid cells and extensive areas of demyelination were apparent. Demyelinated axons were scattered in both anterior and lateral columns of the spinal cord, and macrophages laden with myelin debris were a frequent occurrence. However, M2 virus-infected mice without clinical signs displayed no histopathological evidence of demyelination (Fig. 2B) , and the mice with clinical symptoms exhibited a mild degree of demyelination (Fig. 2C) .
Induction of long-lasting, protective immunity with variant virus. Since intracerebral inoculation of the variant virus did not result in either clinical or histopathological disease in most animals ( Fig. 1 and 2 ), we infected again the disease-free mice with pathogenic virus (10 6 PFU) 4 weeks after the initial inoculation with low-pathogenic virus (10 7 PFU). Mice preinoculated with the low-pathogenic virus developed minimal levels of clinical or histopathological signs, whereas all age-matched, BHK lysate-injected control mice showed clinical signs by day 80 after inoculation with the pathogenic virus (Fig. 3A) . These results indicate that this low-pathogenic variant virus can induce efficient protective immunity against demyelination after infection with pathogenic virus.
To assess the duration of the protective immunity induced by low-pathogenic variant, healthy SJL mice originally inoculated with either the M2 virus or control BHK lysates were infected with pathogenic virus 172 days after the initial inoculation. Mice preinfected with M2 virus displayed complete protection from demyelinating disease inducible by the pathogenic virus, whereas nearly all of the control mice initially inoculated with BHK lysates developed disease. These results clearly demonstrate that the protective immunity induced by the variant virus is extremely long lasting (Fig. 3B) , similar to that induced by subcutaneous immunization with UV-inactivated pathogenic parental virus (10) .
Reduced viral persistence in the CNS following infection with the variant virus. Viral persistence in the CNS has been implicated as a critical factor for the pathogenesis of TMEV (3, 24, 39) . Therefore, it is conceivable that the variant M2 virus is of low pathogenicity due to the deficiency in viral persistence in the CNS. To examine this possibility, we analyzed viral persistence by assessing the levels of viral RNA as well as PFU in the CNS after viral infection. The pathogenic parent virus persisted significantly longer in the spinal cords of SJL/J mice than the nonpathogenic variant virus (Fig. 4) . The M2 RNA level increased rapidly in the beginning after viral infection (7 to 24 days) and then decreased drastically. In contrast, the parent viral RNA accumulated significantly only after day 14 and continuously increased to a peak at day 35, followed by a prolonged persistence to later than day 55 postinoculation. Similar patterns were found in experiments analyzing PFU of the viruses recovered from spinal cords of virusinfected mice (Fig. 4B) . The level (PFU) of the pathogenic parent virus was significantly higher than that of the M2 variant virus at day 35 postinfection, and only the pathogenic virus was detectable at day 78. Therefore, the reduced level of viral persistence of the M2 variant appears to be an important factor for weakening the pathogenicity of this variant virus.
Similar antibody responses in mice infected with pathogenic or variant virus. To correlate antibody responses with the pathogenicity of the viruses, the levels of anti-TMEV antibodies from mice infected with either the pathogenic or nonpathogenic variant virus were analyzed (Fig. 5) . Antibody titers against the parent virus were examined on days 28 and 49 after viral infection. The antibody titers in mice infected with the pathogenic S2 virus at these time points were not significantly different from those infected with the M2 variant virus (Fig.  5A ). In addition, patterns of the antibody responses to the major linear epitopes in SJL/J mice infected with either the pathogenic or nonpathogenic virus were similar (Fig. 5B) , and the isotype profiles of antibodies specific for TMEV as well as for the individual epitopes were indistinguishable (data not shown). These results suggest that there is no significant difference in the antibody response induced by variant virus and that such immunity may not play a major role in the pathogenesis of viral demyelination.
Induction of similar T-cell proliferative responses by parent and variant viruses.
To assess the levels of T-cell response to the parent and variant viruses, T-cell proliferative responses of splenocytes from SJL/J mice infected with the viruses, as well as lymph node cells from mice immunized with UV-inactivated viruses, were tested. The levels of proliferative response of splenic T cells from mice infected with live viruses were similar to each other (Fig. 6A ). In addition, T cells induced by the wild-type virus were similarly stimulated by the variant virus and vice versa. Furthermore, the levels of T-cell proliferative response in mice immunized with UV-inactivated viruses were also similar, although the levels in mice immunized with the variant virus appeared to be slightly higher than those in mice immunized with the pathogenic wild-type virus (Fig. 6B) .
Poor T-cell reactivity to VP1 233-250 in response to the M2 variant. T cells from draining lymph nodes of UV-TMEVimmunized mice were further analyzed for their reactivity to the major T-cell epitopes on VP1 and VP2 of the pathogenic virus (Fig. 7A) . To include broader T-cell populations reactive to the VP1 epitope region, VP1 233-250 was used instead of the minimal epitope, VP1 [233] [234] [235] [236] [237] [238] [239] [240] [241] [242] [243] [244] . The results indicate that the Tcell proliferative response to VP1 233-250 is significantly lower in mice immunized with the M2 variant virus than in mice similarly immunized with the pathogenic parent virus. However, only a slight increase in the T-cell proliferative response was detected in these mice against another predominant T-cell epitope, VP2 [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] (Fig. 7A) . These results suggest that the VP1 epitope on the variant M2 virus may be different from that of the parent virus and/or that this epitope is not readily generated from the M2 virus.
To determine the possibility that the VP1 epitope of M2 virus is altered, the reactivities of representative VP1 233-250 -and VP2 74-86 -specific T-cell lines (51) derived from demyelinating lesions of SJL/J mice following infection with the pathogenic virus were tested against UV-M2 virus (Fig. 7B) . Interestingly, T-cell lines specific for the wild-type VP1 were much less reactive to the M2 virus than to the pathogenic virus, although the degree of the differences somewhat varied depending on the T-cell lines. However, similarly derived, VP2-reactive T-cell lines showed virtually identical levels of proliferation either to the pathogenic parent virus or to the M2 variant virus. These results strongly suggest that the T cells specific for the wild-type VP1 233-250 epitope (but not for the VP2 epitope) do not efficiently recognize M2 virus, and this may reflect the difference in the VP1 epitope itself or a reduced production of the epitope peptide from the variant virus.
A single amino acid substitution within the VP1 233-250 region of M2 variant virus. To examine the possibility that the poor reactivity of VP1-specific T cells with the M2 variant virus reflects a structural alteration within this T-cell epitope, the P1 region containing the leader and the VP4, VP2, VP3, and VP1 proteins was cloned by RT-PCR, sequenced (Fig. 8A) , and then compared with the previously reported sequences (34) . Interestingly, a nucleotide switch from A to G at position 3733, resulting in a change of lysine to arginine at residue 244 within VP1 233-250 , was identified (Fig. 8B ). An additional nucleotide change (T3C) was detected at position 1592, but this change did not result in an amino acid alteration. In addition, an insertion of C at position 2815 and a deletion of G at 2822 were found compared to the previously reported sequence (34) . These alterations result in Thr-Asp-Thr instead of Met-ThrArg. Also, C rather than the reported A was found at position 2880, resulting in an amino acid change from Lys to Glu in VP3. However, these differences appear to represent sequencing errors in the original publication since those sequences in our wild-type virus were identical to that of the variant virus as well as to that of the closely related TMEV DA strain (32) . No other mutation was found within the entire P1 region of the M2 variant virus (data not shown). Therefore, the poor reactivity of VP1 233-250 -specific T cells to the M2 variant virus most likely reflects the change from lysine to arginine. This alteration may influence the pathogenicity of the variant, as the Th1 cells reactive to this epitope in mice infected with the wild-type virus are the major T-cell population in the demyelinating lesion (51).
DISCUSSION
In this study, we have isolated a spontaneously arising variant of TMEV and compared the pathogenicity, persistence in the CNS, and immune response in SJL/J mice to those of the parent virus. The pathogenicity and viral persistence of the variant virus were much lower than those of the pathogenic parent virus (Fig. 1, 2, and 4) . This is not surprising in light of previous studies demonstrating that the pathogenicity of TMEV may be associated with viral persistence (4, 30, 44) . In addition, injection of lipopolysaccharide stimulating various proinflammatory cytokines into genetically resistant C57BL/6 mice after pathogenic virus infection (51), or into susceptible SJL/J mice after infection with a low-pathogenic variant (33) , results in a markedly increased viral persistence in the CNS as well as susceptibility to TMEV-induced demyelination. Furthermore, in vitro viral infectivity to macrophages from resistant C57BL/6 mice increased significantly following treatment with lipopolysaccharide (36) , suggesting that an increase in inflammation may also promote viral persistence. However, the relationship between viral persistence and pathogenicity is not yet clear. Perhaps these factors are synergistic: viral persistence provides continuous stimulation of immune-mediated inflammation resulting in clinical symptoms, and the increased inflammatory response also enhances viral persistence in the lesion.
The manifestation of demyelination induced by TMEV is apparently immune mediated (14, 26, 38, 40, 48) . Susceptible mice display strong humoral as well as cellular immune responses toward viral antigens during TMEV infection (8, 15) . In particular, there is a correlation between the Th1 response specific for the viral antigens and the clinical signs of disease (8) . Recently, it has been shown that the major splenic T-cell proliferative response of SJL mice infected with TMEV is directed against VP1 and VP2 (16, 42) . Our recent studies with CD4 ϩ T-cell clones derived from inflammatory spinal cords suggest that T cells reactive to the VP1 (VP1 233-250 ) and VP2 (VP2 74-86 ) epitopes are likely to be involved in the immunemediated inflammatory demyelination (51) . T cells specific for these epitopes produce Th1-type cytokines upon stimulation in vitro with viral epitopes, and this result is consistent with the functional correlative studies (data not shown). Recently, a third major CD4 ϩ T-cell epitope, overlapping the major linear antibody epitope of VP3, was identified on VP3 (VP3 [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] ) (18, 51) . The T-cell precursor frequency analysis indicates that these three viral epitopes (one on each VP1, VP2, and VP3) can account for the great majority (Ͼ85%) of the T cells reactive to the virus.
The total levels of T-cell proliferative responses to the parent and variant viruses in mice infected with pathogenic parent virus were not significantly different from those in mice infected with low-pathogenic variant virus. Similarly, the antibody responses were not readily distinguishable. However, virus-specific T-cell populations induced by variant virus poorly recognized one of the major T-cell epitopes of the pathogenic parent virus selectively, i.e., VP1 233-250 but not VP2 [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] . Further study indicated that a single amino acid substitution within the VP1 epitope is responsible for the altered reactivity. It has previously been demonstrated that spontaneously occurring variants of other viruses, which escape from cytotoxic T-lymphocyte-mediated lysis, contain similar substitutions within the major cytotoxic T-lymphocyte epitopes (22, 35, 52) . In contrast, such an amino acid substitution within a major viral Th epitope has not been well documented. Since a high level of Th1 cells specific for this VP1 epitope is found in the demyelinating lesions in the CNS (51), these results strongly suggest the possibility that the type of T-cell responses to this VP1 epitope is critically important for the pathogenesis of TMEV-IDD. The alteration in the major histocompatibility complex (MHC) class II-restricted T-cell epitope may reduce the level of Th1 cells involved in the pathogenesis by modifying the interactions of the epitope peptide with MHC and/or T-cell receptor. Such a substitution within the pathogenic T-cell epitope may lead to immune deviation (31) resulting in the development of a Th2 response rather than a pathogenic Th1 response. Alternatively, the epitope with this substitution may function as an antagonist (22, 43) , which could actively inhibit the stimulation of pathogenic Th1 response upon subsequent challenge with wild-type virus. These possibilities are currently being investigated.
However, it is not yet clear whether the altered T-cell response to the VP1 epitope is solely responsible for the drastic reduction in the pathogenic function of the variant virus. Our preliminary sequencing studies indicate that no additional amino acid alterations are present within the P1 region, including the leader as well as the VP4, VP2, VP3, and VP1 proteins, other than the conserved lysine-to-arginine change in the variant virus at position 244 within VP1 [233] [234] [235] [236] [237] [238] [239] [240] [241] [242] [243] [244] [245] [246] [247] [248] [249] [250] (Fig. 8) . This conserved change may reflect the importance of maintaining the structural integrity of the virus. In fact, no major differences in the antibody responses, including that against the major neutralizing epitope (VP1 262-276 ), were found in mice infected with either the wild-type or variant virus. Since the major immune response induced after TMEV infection is directed against the proteins encoded by the P1 region, this substitution may play an important role in the immune-mediated pathogenicity of virus. In addition, it has been previously reported that VP1 plays an important role in the pathogenesis of TMEV-induced demyelination. For example, escape mutants of TMEV from neutralizing antibodies directed toward VP1 epitopes, including the VP1 101 and VP1 262-276 regions, display altered, low pathogenesis (41, 53) . Furthermore, it has been demonstrated that a single amino acid substitution may also alter the pathogenicity of another closely related picornavirus, encephalomyocarditis virus (1). Thus, it is conceivable that such a single residue substitution is sufficient for significantly altering the pathogenicity of a virus. In addition, we have selected additional low-pathogenic variants exhibiting the identical amino acid substitution at position 244 of VP1, which supports the possibility that this single amino acid change results in low pathogenicity. However, it is also possible that additional alterations in the viral genome (e.g., 5Ј and 3Ј untranslated and/or P2/P3 regions) influence the pathogenicity of the virus (5, 19) . To rule out the possibility that any variation(s) other than the substitution at position 244 in VP1 is responsible for the altered pathogenicity, further analysis of the entire genome of the virus would be necessary. Recombinant viruses containing various regions of the variant M2 virus are currently being generated to address this issue.
Nevertheless, it is interesting that the low-pathogenic variant of TMEV efficiently induced a similar antibody response although its persistence in the CNS was significantly reduced. Furthermore, preinoculation of susceptible mice with the variant resulted in a potent protection from the development of demyelinating disease after infection with the pathogenic virus. However, production of antibodies to TMEV alone may not be sufficient to deliver protection in the host since SJL/J mice infected with pathogenic virus undergoing demyelination also produce high levels of antibodies (8, 18, 21, 49) . Therefore, the level or type of MHC class II-restricted T-cell responses to the VP1 epitope may be critical for the development of longlasting, strong protective immunity. Perhaps strong Th2 and/or protective CTL responses are preferentially induced in response to the variant virus compared to the pathogenic virus. Our preliminary studies suggest that this variant virus is capable of inducing a strong Th2 response rather than Th1 response, in contrast to the pathogenic parent virus (data not shown). Thus, amino acid substitutions within the major T-cell epitopes of pathogenic viruses may provide an attractive means to attenuate viruses delivering strong protective immunity. Volume 72, no. 2, p. 1020-1027, 1998. Page 1024, column 2, line 8: "2815" and "2822" should read "3415" and "3422," respectively.
